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ABSTRACT: We report on quasielastic neutron scattering Localized dynamics Population of Long-range
(QENS) and ab initio molecular dynamics (AIMD) simulations of H(1) and H(2) protons  H(3) protons proton diffusion

of the mechanism of proton diffusion in the partially and fully
hydrated barium indate oxide proton conductors Ba,In,0(H,0),
(x = 0.30 and 0.92). Structurally, these materials are featured by an
intergrowth of cubic and “pseudo-cubic” layers of InOg octahedra,
wherein two distinct proton sites, H(1) and H(2), are present. We
show that the main localized dynamics of these protons can be
described as rotational diffusion of O—H(1) species and H(2)
proton transfers between neighboring oxygen atoms. The mean
residence times of both processes are in the order of picoseconds in
the two studied materials. For the fully hydrated material,
Ba,In,04(H,0)g0, we also reveal the presence of a third proton site, H(3), which becomes occupied upon increasing the
temperature and serves as a saddle state for the interexchange between H(1) and H(2) protons. Crucially, the occupation of the
H(3) site enables long-range diffusion of protons, which is highly anisotropic in nature and occurs through a two-dimensional
pathway. For the partially hydrated material, Ba,In,O5(H,0)g3, the occupation of the H(3) site and subsequent long-range
diffusion are not observed, which is rationalized by hindered dynamics of H(2) protons in the vicinity of oxygen vacancies. A
comparison to state-of-the-art proton-conducting oxides, such as barium zirconate-based materials, suggests that the generally lower
proton conductivity in Ba,In,05(H,0), is due to a large occupation of the H(1) and H(2) sites, which, in turn, means that there are
few sites available for proton diffusion. This insight suggests that the chemical substitution of indium by cations with higher
oxidation states offers a novel route toward higher proton conductivity because it reduces the proton site occupancy while preserving
an oxygen-vacancy-free structure.

1. INTRODUCTION atmosphere at elevated temperatures, Ba,In,O; transforms into
a hydrogenated, proton-conducting material, of the composi-
tion Ba,In,0,(H,0),.*>* During the hydration reaction,
gaseous water molecules dissociate into hydroxyl groups
(OH™), which fill the former tetrahedral layers to create a
structurally distorted (“pseudo-cubic”) layer, and protons
(H"), which delocalize into the former, relatively undistorted
(“cubic”) layer. Depending on the hydration conditions, x may
be tuned from O (nonhydrated material) to 1 (fully hydrated
material). Beyond the end product that is the hydrated pseudo-
cubic phase, the hydration mechanism is a complex process, as
it involves a structural phase transition as well as an
intermediate phase for T 2 300 °C.>**™*

Previous works on the fully hydrated material have shown
that at least two distinct proton sites, H(1) and H(2), are

Proton-conducting oxides may be applied as electrolytes in,
e.g., membrane reactors ~ or environmentally friendly
intermediate-temperature (200—500 °C) solid oxide fuel
cells,*™'¢ and, therefore, are gaining considerable interest for
the development of a more sustainable society. Most research
on proton-conducting oxides has been focused on materials
exhibiting the cubic perovskite structure. Among these,
yttrium-substituted barium zirconate or barium cerate with
moderate substitution levels, Ba(Zr/Ce),_,Y,O,H, with x <
0.2,'”"® have been the gold standard achieving the best proton
conductivities at intermediate temperatures. Recently, how-
ever, high proton conductivities have been also reported in
non-cubic systems,'” such as monoclinic~** and hexago-
nal?®2¢ perovskite derivatives, oxides with palmierite27 or
scheelite” > structures, and Ruddlesden—Popper phases.”""

In this work, we focus on the brownmillerite-structured
material barium indate oxide, Ba,In,Os, which, structurally, is
featured by an intergrowth of alternating (perovskite-like)
InOg4 octahedral layers and InO, tetrahedral layers, in which
oxygen vacancies are ordered and form one-dimensional
vacancy channels (Figure 1a).>*7** If annealed in a humid
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[A] Oxygen vacancy channel

[B] H(1) hydrogen bond accepted by O(1)
[C] H(1) hydrogen bond accepted by O(3)
[D] H(2) hydrogen bond accepted by O(3)

¢ mm InO4/ InOg
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Figure 1. Schematic structure of (a) Ba,In,O5 and (b) fully hydrated
equivalent BaInO;H, with the notations used in this work. Covalent
bonds and hydrogen bonds are distinguished by continuous and
dashed black lines, respectively. The layers formed by the InO(1),0-
(2), octahedra, normal to ¢, are referred to as “cubic” layers (dark
blue), and the layers formed by the InO(3),_,0(2), polyhedra as
“tetrahedral” or “pseudo-cubic” layers depending on the degree of
hydration (light blue).

present, see Figure 1b."°"** The H(1) protons form covalent
bonds to the oxygen atoms connecting the two layers, O(2),
and may be hydrogen bonded either to O(1) in the cubic layer
or to O(3) in the pseudo-cubic layer.** A larger fraction of
protons form relatively stronger hydrogen bonds to O(1),
while the smaller fraction forms relatively weaker hydrogen
bonds to O(3)." The H(2) protons form covalent bonds to
0(3) and experience a strong hydrogen bond to an O(3) of a
neighboring octahedron, with the O(3)—H---O(3) bond angle
being close to 180°.*** About 10% of the H(2) protons are
found in configurations close to the saddle state of proton
transfer along the hydrogen bond,* due to unusually short
oxygen—oxygen separation distances, for perovskite-related
oxides, of about 2.6 A. Importantly, the number and geometry
of proton environments have been found to be largely
independent of the hydration level, due to a phase separation
between dehydrated domains and hydrogen-rich oxysgen-rich
domains that maintain the pseudo-cubic structure.***

With respect to its proton-conducting properties, previous
studies of Ba,In,04(H,0), have shown that the proton-
conduction mechanism involves localized motions of protons,
indicated as the diffusional rotation of O—H groups and
proton transfers (jumps) between neighboring oxygen atoms,
exactly like in other proton-conducting oxides.'”**™** In
previous work, we showed using AIMD that the H(1) protons
can more easily undertake rotational motions than proton
transfers, whereas the opposite is true for the H(2) protons.*
However, because the long-range proton diffusion mechanism
must involve the interexchange of protons between the two
sites, these two localized proton motions are insufficient to
explain the proton diffusion mechanism in Ba,In,0(H,0),. In
the present work, we present experimental evidence using
QENS of the main localized dynamics of the H(1) and H(2)
protons. We also show that the interexchange of H(1) and
H(2) protons, which enables long-range proton diffusion, is
indicated by the population of a third, distinct, proton site,

which leads to a highly anisotropic proton-conduction
mechanism. Crucially, this process is hindered by the presence
of oxygen vacancies in the structure, which explains that long-
range proton diffusion is not observed in the partially hydrated
material, Ba,In,O5(H,0)g 3, Finally, we discuss these findings
in relation to proton conductivities reported in related proton-
conducting perovskite materials and show that, with respect to
the latter, the relatively lower proton conductivity in
Ba,In,0(H,0), is not a consequence of higher energy
barriers or lower proton diffusivity but of the limited
availability of vacant proton sites.

2. EXPERIMENTAL SECTION

2.1. Quasielastic Neutron Scattering. The QENS experiments
were performed on three different instruments: the cold-neutron
direct-geometry spectrometers TOFTOF at the Heinz Maier-Leibnitz
Zentrum, Germany, and IN6 at the Institut Laue-Langevin (ILL),
France, and the cold-neutron backscattering spectrometer IN16B at
the ILL. The samples, Ba,In,04(H,0),,, (BIO92) and
Ba,In,04(H,0)03, (BIO30), are the same samples measured with
inelastic neutron scattering in ref 45, which also contains detailed
information of their synthesis, hydration protocol, and laboratory
characterization by thermogravimetric analysis and powder X-ray
diffraction.

The measurements on TOFTOF were performed on BIO92
mounted in a flat aluminum cell sealed with an aluminum wire. Data
were collected at temperatures of T = 200, 400, 450, and 485 K using
an incident neutron wavelength of 4 = 2.5 A and a chopper speed of
22000 rpm, leading to an energy resolution of about 480 ueV at the
elastic line, and a maximum momentum transfer of Q ~ 4.5 A™!. Note
that the Q-ranges of 2.4—3.3 and 4.0—4.5 A~ were excluded from the
data analyses due to the presence of Bragg peaks in these intervals.
Data were also collected at T = 200 and 485 K using incident neutron
wavelengths of 4 = 5.0 A (10000 rpm) and 7.0 A (8000 rpm),
associated with energy resolutions of about 125 and 55 ueV,
respectively. Comparison with a vanadium standard indicated that no
quasielastic broadening is present at 200 K at the three resolutions.
Consequently, the 200 K data were used as resolution functions in the
data analysis. The measurements on IN6 were performed on both
samples. The samples were mounted in flat aluminum cells sealed
with a lead wire. Data were collected at T = 2, 250, 300, 350, 400, 450,
and 500 K using an incident neutron wavelength of 4 = 5.12 A, which
led to an energy resolution of about 90 yeV at the elastic line and gave
access to the Q-range of 0.3—2.1 A™". The T = 2 K data were used as
resolution functions in the data analysis.

The measurements on IN16B were performed on both samples,
which were held in the same cells as used on IN6. The incident
neutron wavelength was set to 4 = 6.27 A, which, with the use of the
Si(111) analyzer, led to an energy resolution of 0.75 ueV at the elastic
line and a Q-range of 0.2—1.9 A™". Elastic fixed window scans were
performed upon heating to monitor the evolution of the elastic
intensity from T = 20 to 500. QENS measurements were performed at
T = 2, 300, 350, 400, 450, and 500 K on BIO92 and at T = 2, 300,
400, and 500 K on BIO30. The T = 2 K data were used as resolution
functions in the data analysis. )

Data were reduced using the Mantid software>® for TOFTOF and
IN16B and the LAMP software®* for IN6. The fitting of the QENS
spectra was performed with Mantid and in-house scripts. The
measured QENS signal reflects the inelastic incoherent structure
factor, Spes(Q hw), where hw is the energy transfer. Additional
measurements were performed with the OSIRIS spectrometer at the
ISIS Neutron and Muon Source, U.K,, and with the IN11C spin-echo
spectrometer at the ILL; however, these measurements did not
provide any additional information about the dynamics and, therefore,
are not shown.

2.2. Computational Details. The AIMD simulations were
performed in the density functional theory framework using a
plane-wave pseudo-potential approach as implemented in VASP

https://doi.org/10.1021/acs.chemmater.3c00754
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(c)A=25A, Q=3.85A" (d) Q-dependency of FWHM

I data — fit: L4[A5.0] e
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Figure 2. QENS spectra of BIO92 measured with TOFTOF at T = 485 K, with A = 7.0 A (a), 5.0 A (b), and 2.5 A (c). The QENS components are
shown as full and dashed red lines for the two-Lorentzian model and a blue line for the one-Lorentzian model. Residuals are reported at the bottom
of each panel. (d) Fitted values of the I' of the Lorentzian functions and their Q-independent averages I".

5.3.°7°% The ionic core—valence interaction is described using the
projector augmented wave method*”®” and the exchange—correlation
part using the semi-local Perdew—Burke—Ernzerhof functional.®' The
structural models of Ba,In,O5(H,0), were built considering 2 X 2 X
1 supercells with respect to the conventional brownmillerite cell,
which corresponds to 8 Ba,In,Og units and 1—8 extra water
molecules. Detailed information can be found in ref 45. The
simulations were performed on the fully hydrated x = 1 (BIO100)
and partially hydrated x = 0.5 (BIOS0) models. The structural models
were geometry-optimized considering a 1 X 1 X 2 k-point mesh for
the Brillouin zone sampling.

The Verlet algorithm was used to generate the AIMD trajectories,
considering a time step of dt = 0.5 fs. Only I'-point Bloch functions
were considered for the Brillouin zone sampling. The temperature was
regulated using a canonical ensemble by coupling the system to a
Nosé—Hoover thermostat.”> % Simulations were performed at T =
300 and 1200 K. The high-temperature simulations were intended to
bring enough diffusion events in the limited time length of the AIMD
to obtain statistically relevant information, which is a standard strategy
employed with the AIMD technique.”> Note that, despite the real
material starting to dehydrate at ~550 K, it is possible to use an
unphysically high temperature of 1200 K in the simulation because
the system still exhibits the correct average structure.

The structural models were thermalized by AIMD over a
simulation time of 2 ps (4000 steps). Exploitable data consist of six
independent sets of trajectories per model, with a length per trajectory
of 8 ps (16 000 steps) at 300 K and S ps (10000 steps) at 1200 K.
The limited length of each simulation is a consequence of the
difficulty to keep the hydrogen subsystem thermalized, given the large
mass difference between barium and hydrogen and the resulting lack
of overlap between the vibrational frequencies of the protons (fw 2
100 meV) and of the lattice dynamics (hw S 80 meV).*
Nonetheless, the total trajectory lengths of 48 ps at 300 K and 30
ps at 1200 K are sufficient to obtain time-averaged structural
information on the proton distribution and to characterize the
geometry and jump distances of the elementary jump-diffusion
motions.

Given the short and fragmented trajectories, time-dependent
properties such as mean square displacements and time-correlation
functions cannot be exploited to obtain diffusion coefficients and
simulated QENS spectra, respectively. Instead, the AIMD is used as
an exploratory tool to investigate the variety and, to some degree, the
distribution of proton local environments. This is achieved, using the
in-house PRM code,®® by calculating time-averaged structural
parameters and nuclear density maps. The latter were obtained by
integrating, in the form of a histogram, the exploitable AIMD
trajectories.

The cell parameters, and structural parameters associated with the
hydrogen bonding network, obtained for BIO100 in the geometry
optimization and AIMD simulations at 300 K, are reported in Tables
S1 and S2 in the Supporting Information (SI). From the geometry

optimization calculations, we obtain very similar parameters as the
previous theoretical studies by Dervisoglu et al. for a similar
distribution of protons."* The agreement with experimental values
is also reasonable, with about a 1.1% difference for a and b and 2.6%
for ¢,** considering the complexity of the structural model, in which
symmetry is reduced to P, from accommodating 16 protons into the
supercell. The cell parameters used in the AIMD are obtained
iteratively by minimizing the residual pressure on each axis at a given
temperature, using as a starting point the geometry-optimized
structure parameters. They have a lower agreement with the
experimental cell parameters, especially for the c-axis with a difference
of ~4.1%, which is due to the lower precision of the calculation that is
a necessity to run the AIMD. Besides cell parameters, covalent and
hydrogen bond lengths and hydrogen bond angles obtained by AIMD
are also in good agreement with previous theoretical work,** and in
fair agreement with experimental values,” given the difference
between the P; description of the AIMD and high-symmetry
description from diffraction, which does not account for oxygen
displacements due to the hydrogen bonding network. Beyond
structural parameters, we have shown previously that the vibrational
dynamics of the proton calculated by AIMD, which depend on the
shape of the potential in which the proton is located, are also in
excellent agreement with experimental data.**

3. RESULTS

3.1. Fully Hydrated Phase. 3.1.1. Main Localized
Dynamics of H(1) and H(2) Protons. The fully hydrated
material, BIO92, was subjected to measurements on TOFTOF,
IN6, and IN16B. Figure 2a—c shows the QENS spectra of
BIO92 measured on TOFTOF at T = 485 K for 4 = 2.5, 5.0,
and 7.0 A, respectively, at the highest Q-value available for each
wavelength. In accordance with several previous QENS studies
on proton-conducting oxides,>**™>* under similar experimen-
tal conditions, the QENS spectra could be adequately fit by a
sum of Lorentzian functions.

Smeas(Q hiw) = bkg(Q) + [ap(Q)8(hw)

+ a, (Q)L(ho) | x R(Q, hw)
f (1)

where §(hw) is a Dirac function, Li(A®) represents j
Lorentzian functions that describe the quasielastic scattering
and relate to localized proton motions, bkg(Q) is a Aw-
independent background, and R(Q, Aw) is the instrumental

https://doi.org/10.1021/acs.chemmater.3c00754
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resolution function. ap(Q) and a;;(Q) are the elastic and
quasielastic intensities, respectively.

Our analysis of the QENS spectra shows that the = 7.0 A
spectra can be fitted with one Lorentzian function (L,[47.0]),
the 4 = 5.0 A spectra can be fitted with two Lorentzian
functions (L,[15.0] and L,[45.0]), and the 1 = 2.5 A spectra
can be fitted with one Lorentzian function (L,,[12.5]). The
widths, I', of all Lorentzian functions are independent of Q,
which suggests that all Lorentzians reflect localized dynamics
of the protons. Note that the I-values of L,[A5.0] and L,[47.0]
are found to be comparable, which indicates that they
represent the same dynamical process. Therefore, the
combined analyses of the 1 = 5.0 A and 4 = 7.0 A data
point toward (only) two distinctly different dynamical
processes. The average I'-values for these processes are I'; =
0.32(7) meV and T, = 2.2(3) meV (Figure 2d). These I'
values correspond to timescales of 7, & 4 ps and 7, =& 0.6 ps,
respectively. For the 4 = 2.5 A spectra, a model based on two
Lorentzian functions, with the widths fixed to I', and T,
(Figure 2c), as well as a fit based on only one Lorentzian
function with a width of T',, = 1.3(2) meV, that is the average
of I, and T, equally well fit the spectra. As for the data for 1 =
5.0 A, this suggests that two dynamical processes contribute to
the 4 = 2.5 A data, yet indistinguishable due to the lower
energy resolution at this relatively short neutron wavelength.

To help in the assignment of these two dynamical processes,
we now consider the proton nuclear densities calculated by
AIMD at 300 K for BIO100, as shown in Figure 3. For clarity,
the proton nuclear densities have been projected on the (a, b)-
plane and superimposed to a scheme of the initial structure of
the trajectory to draw the correspondence between nuclear
density spots and atomic sites. The data reveal dynamics

> @ O(1) ®@0(2) ©0(3) o H(1)

o H(2)
[A] N = 4, O-H(1) rotation
[B] N = 2, H(2) proton transfer

b
L.z

Figure 3. Structural model of BIO100 after equilibration, used as
starting point of the AIMD production run, with the histogram of the
proton nuclear densities at 300 K superimposed.

strictly confined to the (a, b)-plane, ascribed to O(2)—H(1)
rotations (up to four spots depending on statistics, marked as
[A]) and O(3)—H(2)--O(3) proton transfers (up to two spots,
marked as [B]). The processes are featured by a jump distance
of 1.392(1) A for the O—H(1) rotation and 0.692(3) A for the
H(2) proton transfer, which both have similar activation
energies of <25 meV. Crucially, both processes feature mean
residence periods of a few picoseconds, which match the
measurable timescales on TOFTOF and, therefore, suggest
that these processes are likely to correspond to localized
dynamics. Further information about the observed dynamics
can be extracted by our analysis of the elastic incoherent
structure factor (EISF).

Figure 4 shows the EISF as determined from the neutron
data at T = 400, 450, and 485 K (for details of the extraction of

1.00 ‘ T— N=2model [Hay]
== N=4model [Hy,]
— Mixture model [H(1)+H(2)]
0.95 |
L
2}
L
090§ T=400K
fi T=450K
I T=485K
0.85 :
0 1 2 3 4 5

QA7]

Figure 4. EISF of BIO92 calculated from the A = 2.5 A data at T =
400, 450, and 485 K, together with model functions (see text).

the EISF, see the SIT). Included in the figure are fits to a jump-
diffusion model over two (N = 2) and four (N = 4) equivalent
sites, considering an average proton site, H,,. These models
are widely used for describing the proton transfer and O—H
rotational motion in proton-conducting oxides.”” We have also
included a “mixture model”, that is the sum of an N = 2 model,
reflecting O—H(1) rotations, and an N = 4 model, reflecting
H(2) proton transfers, with the respective jump distances
constrained to d = 1.40 A for H(1) and 0.70 A for H(2), as
determined by the AIMD simulations. All models include a
constant €, which accounts for excess elastic intensity not
captured by the jump-diffusion models (see the SIf) and
hence represents the fraction of “immobile” protons. All
models fit equally well to the experimentally determined EISF,
with € in the range of 80—90%; the fitting parameters are
shown in Table 1. The N = 4 model can, however, be
discarded on a chemical basis, as the fitted value of r would
lead to an unphysical bond length for a hydroxyl group of
0.74—0.80 A. The N = 2 model gives jump distances of an
average proton in the range of d = 1.22—1.28 A, which are in
poor agreement with the expected jump distances of d = 1.6—
1.9 A for H(1) and of d = 0.6—0.8 A for H(2). Therefore, the
best agreement is considered to be reached with the mixture
model, which suggests that the QENS signal originates from
about ~60% from H(2) proton transfers and ~40% from O—
H(1) rotations.

Figure 5 summarizes the results from the measurements on
ING6. Figure Sa shows the QENS spectrum at T = 500 K,
together with fits. Because the energy resolution and the
dynamic range on IN6 and TOFTOF are comparable, similar
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Table 1. Compilation of Parameters for the EISF Analysis
(Figure 4)°

T [K] 400 450 485
N=2 r [A] 0.64(2) 0.64(2) 0.61(1)
model € [%] 90(3) 88(3) 82(2)
N=4 r [A] 0.80(2) 0.79(2) 0.74(1)
model € [%] 93(3) 91(3) 88(2)
mixture p [%] 56(3) 57(3) 66(2)
model € [%] 91(4) 88(3) 82(2)

“Jump-diffusion model over N equivalent sites placed upon a circle of
radius r. For N = 2, the jump distance is d = 2r; for N = 4, itis d =
r\/ 2. For the mixture model, the relative contribution of the H(2)
proton to the total H(1) + H(2) signal is given by the fraction p.

0F I data  —— L4,[IN6], H(1) N=4 Py @
o overall ===-= L4p[ING], H(1) N=4 1
S 4L —— elastic == = Lp[INB], H(2) N=2 I i
g - - - bkg(Q) Iy
8 2|
3
s e
SR s e L
%) I
S 4p------°°
(o)
o
4 /
5l
r ‘ ‘ VAR ‘ ‘ ‘ ‘ ‘
-35 -30 -25 -20 -15 -1.0 -05 0 05 1.0
hw [meV]
b c
3.5 ! ( ) . 1.5~ ()

. Pl % b

051 E,(Ip) = 13(4) meV

< 20} 100
g = | £
=15 T 05
3T
1.0+ i 1010
05 s 15 i
: § ¥ 1 = Ex(F1) = 19(3) meV
0.0 2.0
300 400 500 2 3 4
TIK] UT K] x10°

Figure 5. (a) QENS spectrum of BIO92, as measured with IN6 at T =
500 K and Q = 1.7 A™!, together with its fits. Residuals of the fits are
reported at the bottom of the panel. According to the N = 4 jump-
diffusion model, the I" of the component L, is constrained to twice
that of L,,. (b) Fitted values of [, and T, as a function of temperature.
(c) Arrhenius law derived from the temperature dependence of T
and T,. Activation energies are obtained by fitting the Arrhenius law
with linear functions.

quasielastic contributions can be expected in both spectra. The
IN6 QENS spectra were therefore fitted with the mixture
model, and the temperature dependence of the Q-averaged
widths of O—H(1) rotations and H(2) proton transfers, I'; and
fz, are shown in Figure Sb; see the SIT, for details of the fitting
procedure. We observe that the O—H(1) rotation is associated
with I} values of 0.29(4)—0.47(4) meV (7, & 2.8—4.6 ps) and
the H(2) proton transfer to I, values of 2.4(4)—3.1(3) meV
(1, ® 0.4—0.5 ps). These values are in good agreement with

the values of I', = 0.32(7) meV and I', = 2.2(3) meV measured
at 485 K with TOFTOF. The temperature dependence of T
and T, follows the Arrhenius law, I'(T) = T’ exp(—E,/ksT),
where I’y is the pre-exponential factor linked to the trial
frequency of the motion and E, is the activation energy that
represents the classical migration barrier for the diffusion
process. The O—H(1) rotation and H(2) proton transfer take
on E, values of 19(3) and 13(4) meV, respectively (Figure Sc).

Since E, values for the two processes are comparable, the
large difference of about a factor 10 between ', and T, should
be related to a difference of I'y, which are 0.69(6) meV for the
O—H(1) rotation and 4.0(6) meV for the H(2) proton
transfer. This large difference can be rationalized when
considering that the trial frequency should be, in a first
approximation, proportional to the potential energy surface of
the proton in the direction of the diffusion motion, hence the
vibrational mode of the proton. In the case of the O—H(1)
rotation, this mode is the O—H wag mode in the (a, b)-plane,
and in the case of the proton transfer of H(2), it is the O—H
stretch mode. These modes have energies of 100 and 365 meV,
respectively,*’ which qualitatively agrees with the difference in
trial frequencies.

A noteworthy result of our analysis is that the most favorable
dynamical process in BIO92 is the interoctahedral proton
transfer of H(2) protons. Interestingly, this is in contrast to
most literature data on proton-conducting oxides for which the
O—H rotation motion has been generally identified as the most
favorable localized proton motion.”*™"° In BIO92, it is clearly
the strength and specific geometry of the hydrogen bond
formed by H(2) and the close proximity of only 0.7 A between
the two H(2) sites that facilitate the proton transfer step.

3.1.2. H(3) and H(4) Proton Sites. Figure 6 shows the

isotropic mean square displacement A(u*);,(T) derived from

03+ [ data
_ — fit: low-T region ~ 425 K
<L — fit: intermediate-T region
— 0.2r o . g
0 — fit: high-T region
3
S 01t -
<

0.0 1] 3

0 100 200 300 400 500

TIK]

Figure 6. A{u®);(T) for BIO92. The inflection points at about 270
and 425 K are indicated.

the elastic fixed window scans on IN16B according to the
procedure described in the SIf. Three linear functions are
necessary to account for the temperature dependence of
A(1?)o(T). The low-temperature process (green line) is the
contribution from the Debye—Waller factor, with A(u®);,(T)
increasing in response to the activation of phonon modes of
the oxygen sublattice, which thus displace the attached
protons.” However, some contributions from O—H(1)
rotations and H(2) proton transfers may be also present,
given their low activation energies. Additional processes
activate at about 270 and 425 K, which are distinguished by
the inflection points at these temperatures. At the highest
temperature, 500 K, we estimate that the contribution to
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A{u*),, is 40% from the Debye—Waller factor and 25 and 35%
from the processes activating at 270 and 425 K, respectively.

Figure 7 summarizes the results from the measurements on
IN16B. Figure 7a shows the QENS spectrum at T = 500 K. For
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Figure 7. (a) QENS spectrum of BIO92 measured on IN16B at T =
500 K and Q = 1.7 A7}, together with its fits. Residuals of the fits are
reported at the bottom of the panel. (b) Q-dependence of the widths
I'; and T, of the L;[IN16B] and L,[IN16B] functions, from the fit of
the T = 500 K data. Iy is the error-weighted average of I';(Q). The
values of I',(Q) are fitted with the Hall-Ross and Chudley—Elliott
models, respectively. (c) Arrhenius law derived from the temperature
dependence of Ty and the high-Q limit of I'y, [}, obtained from the
Hall—Ross fit. Activation energies are indicated.

temperatures T < 350 K, the QENS spectra can be adequately
fitted to a single Lorentzian component (L;[IN16B]), but for
higher temperatures, two Lorentzian functions (L;[IN16B]
and L,[IN16B]) are needed. This confirms the activation of
more processes as a function of increasing temperature, as it
agrees with the behavior of (u*);,(T), as shown in Figure 6.

For a more detailed analysis of the higher-temperature
behavior, we observe that the width of L,[IN16B] is (within
error) Q-independent (Figures 7b and S41), which thus
reflects a localized proton motion. Depending on the
temperature, the width takes on a value of '} = 17(2)—
29(3) peV (73 ~ 45—77 ps), which corresponds to an E, value
of 35(2) meV (Figure 7c). Crucially, this value is about 2—3
times higher than the activation energies determined for the
O—H(1) rotation (19(3) meV) and H(2) proton transfer
(13(4) meV). This suggests that the dynamics reflect an
additional, less favorable, localized process. Note that, due to
large uncertainties, no information on the geometry of the
localized motion can be extracted from the Q dependency of
the quasielastic amplitude.

In order to unravel the nature of this localized process, we
consider the proton nuclear densities as calculated by AIMD at

1200 K for BIO100, projected on the (a,b)-plane, and
superimposed to a scheme of the structure (Figure 8).

- @ O(1) ®0(2) ©O(3)

[C] H(3) proton sites
[D] H(4) proton sites

b
L.z

Figure 8. Structural model of BIO100. The histogram of the proton
nuclear densities at 1200 K, projected on the (a, b)-plane, is
superimposed.

[A] H(1) proton sites
[B] H(2) proton sites

Compared to the simulations at 300 K (Figure 3), we observe
that the nuclear density spots of H(1) and H(2) (marked [A]
and [B], respectively) are now more extended. Further,
equivalent proton sites are more homogeneously occupied,
which indicates that a higher number of diffusion events are
taking place within the simulated timescale. In particular, we
observe the presence of additional spots in the proton nuclear
densities, marked as [C] and [D]. Site [C], hereafter referred
to as H(3), corresponds to protons covalently bonded to O(3)
and hydrogen bonded to O(2). It can be accessed either by
O(3)—H(2) rotation out of the O(3) plane or by proton
transfer of H(1) along its hydrogen bond, from O(2)—H(1)--
0(3) to O(2)--H(3)—0O(3). Hence, the H(3) site can be
considered as a saddle point for the interexchange of protons
between the H(1) and H(2) sites, and, crucially, its occupation
enables long-range diffusion.

Site [D], hereafter referred to as H(4), is located in the
pseudo-cubic layer and forms an O(3)—H(4)--O(3) pattern,
similar to the H(2) site. It differs from the H(2) site in the
geometry of the hydrogen bonding: whereas the H(2) site is
characterized by interoctahedron hydrogen bonding, the H(4)
site is characterized by intraoctahedron hydrogen bonding.
The H(4) site can be accessed either by breaking of the H(2)
hydrogen bond followed by a tilt of the O(3)—H(2) hydroxyl
group in the (a, b)-plane or by a rotation from O(3)—H(3) to
O(3)—H(4). It can thus be seen as an alternative path to
connect the H(3) sites above and below the O(3) plane by
two consecutive O—H rotations.
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The occupation of the H(3) and H(4) sites at 1200 K is
reliant on additional localized motions, which are the proton
transfer motion between H(1) and H(3) and the O—-H
rotations from H(2) to H(3) and from H(3) to either H(2) or
H(4). These are thus the higher-energy counterparts of the
two main localized motions identified at 300 K. We rationalize
the localized process observed on IN16B as originating from a
combination of these higher-energy, additional localized
motions.

3.1.3. Long-Range Proton Diffusion. Information about the
long-range proton diffusion can be inferred from the proton
nuclear densities, as calculated at a high temperature, T = 1200
K, see Figure 9. Note that only the protons initially occupying

O HEQ)
[D] H(4) sites

Q0@ OoE) OH1
[BIH(2) sites  [C] H(3) sites

< @ o()

7.5 [ATH()sites
Figure 9. Structural model of BIO100. Superimposed are the
histograms of the proton nuclear densities, projected on the (ab, c)-
plane, obtained from integration of the AIMD trajectories at 1200 K,
for the subset of H formerly on the H(1) sites (a) and for the subset
of H formerly on the H(2) sites (b).

the H(1) sites at the beginning of the trajectory are included in
Figure 9a. Similarly, only the protons initially at the H(2) sites
are included in Figure 9b. Figure 9a,b shows that regardless of
the starting position of the proton in the structure, any of the
four proton sites (H(1), H(2), H(3), or H(4)) are occupied.
Therefore, all protons are mobile and can occupy all sites,
although there is a preference for the occupation of the H(1)
and H(2) proton sites.

Our results show that there is a large majority of diffusion
events taking place in and around the pseudo-cubic layer,

which involve primarily O(2) and O(3) oxygen atoms. In fact,
only a single diffusion event takes place in the O(1) layer (see
[E] in Figure 9a), which is insignificant considering the high
temperature of the simulation. This suggests that the long-
range diffusion pathway is mainly confined in and around the
O(3) planes, with an extension of the nuclear density along the
c-axis being roughly limited to the height of the perovskite
layer of ~4.3 A (O(2)—0(2) distance along the c-axis). This
points toward a highly anisotropic and essentially two-
dimensional mechanism of long-range proton diffusion.

Long-range proton diffusion is well evident from the QENS
data measured on INI16B. Specifically, the strongly Q-
dependent behavior of width I'y, of the second Lorentzian
(Figure 7b) for temperatures T > 425 K, is congruent with a
translational, long-range, diffusion behavior. I, takes on values
in the range of 0.2(2)—1.1(3) peV, which corresponds to a
characteristic timescale of the long-range dynamics of 7, &~
1.2—6.6 ns. Crucially, I'y can be adequately fitted to jump-
diffusion models according to Chudley—Elliott”" and Hall—
Ross,”> which represent jump-diffusion processes on an
ordered lattice with a well-defined jump distance and on a
disordered lattice with a distribution of jump distances,
respectively, see Figures 7b and S4c—ef. Fits to the two
models give comparable results, with average jump distances
for the Hall—Ross model of {r) = 3.7(11) and 4.0(7) A at 450
and 500 K, respectively, and jump distances for the Chudley—
Elliott model of {r)= 3.2(7) and 3.4(6) A at 450 K and 500 K,
respectively. These values are fairly comparable to the H(1)—
H(1) and H(2)—H(2) distances of ~4.2 A, as well as with the
H(1)—H(2) distance of ~3.7 A, when considering average
proton sites, but are far longer than the distance covered by a
single localized diffusion event for the protons (<2 A). This is
consistent with the interpretation of a long-range diffusion
mechanism that would involve combinations of localized
diffusion events.

Fitting of the QENS data with respective jump-diffusion
models yields diffusion coefficients for long-range proton
diffusion in the range of 0.45—1.6 A*/ns for the Chudley—
Elliott model and 0.7—2.4 A?/ns for the Hall—Ross model (see
Table S37). This corresponds to statistically identical
activation energies of 210(31) and 212(36) meV for the
Hall-Ross and Chudley—Elliott models, respectively. Alter-
natively, we can consider that the jump distances are
temperature-independent given their uncertainties, in which
case the activation energies can be extracted from the residence
time or equivalently from the high-Q limit of I';. Accordingly,
activation energies of 184(9) and 187(14) meV are obtained
from the temperature dependence of the saturation values I'f
in the Hall-Ross (Figure 7c) and Chudley—Elliott models,
respectively. Considering the different fitting approaches, the
activation energy for long-range diffusion is thus estimated at
200 + 50 meV. Such a large value of ~200 meV is compatible
with the weak intensity of the L,[IN16B] QENS signal, which
only represents ca. 5% of the detected intensity at T = 500 K
(see Figure SSbf). The four distinct proton dynamical
processes identified in the BIO92 material are summarized in
Table 2.

3.2. Partially Hydrated Phase. The partially hydrated
material, BIO30, was subjected to measurements on IN6 and
IN16B. Figure 10 shows QENS data at T = 500 K, as measured
on IN6. In comparison to the QENS spectra of the fully
hydrated material BIO92, the quasielastic scattering of BIO30
is generally weaker. This is a direct consequence of the lower
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Table 2. Compilation of Proton Dynamics Data for BIO92“

Processes Onset T

Timescales | E, [meV] Scheme

H(2) proton transfer,
N = 2 jump diffusion model
with a 0.70 A jump distance

<250 K

04-05ps | 13(4)

O-H(1) rotation,
N =4 jump diffusion model
with a 1.40 A jump distance

< 250 K

2.8-4.6 ps 19(3)

Higher energy localized
motions of H(1) and H(2)
that populate H(3) and H(4)

~270 K

45-77 ps 35(2)

Long-range diffusion,

Hall-Ross model with

~4 A jump distances
and D = 0.7-2.4 A?/ns

~425 K

1.2-6.6 ns | 200(50)

“Four processes, which are characterized by their spatial geometry, onset temperature, timescale, and activation energy are denoted. The panels to

the right show a scheme of the dynamics.

ol f data " |
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Figure 10. QENS spectrum of BIO30 measured on IN6 at T = 500 K
and Q = 1.7 A7, together with its fits. Residuals of the fits are
reported at the bottom of the panel.

hydration level. In effect, in the framework of a fit with the
mixture model, the contribution of the H(2) proton transfer
motion to the QENS signal, which was weak already for
BIO92, is insignificant for BIO30 given the statistics of the
data. Consequently, the QENS spectra of BIO30 were fitted
with a model based solely on the O—H(1) rotation. This
analysis showed that the O—H(1) proton dynamics are
characterized by a width range of I, = 0.5(2)=0.7(2) meV
(timescales of 7; = 2—3 ps) and an activation energy of E, =
27(16) meV. Crucially, these values are similar to the ones
obtained for BIO92. This suggests similar dynamics of the O—
H(1) species, irrespective of the hydration level.

Figure 11 shows the proton nuclear densities from the
AIMD trajectories at 300 K of BIOS0. Our main interest here
is the nature of the proton dynamics at the interface between
the pseudo-cubic region and the dry, brownmillerite region. As
compared to BIO100 (Figure 3), while we still observe a
number of O—H(1) rotations (marked [A] in Figure 11), we

@ 0O(1) ®@0(2) ©0(3) o H(1) o H(?)
[AlH(1) sites  [B] H(2) sites

B
L3

Figure 11. Structural model of BIOSO that represents the interface
between the pseudo-cubic region (octahedra to the left side) and the
dry, brownmillerite region (tetrahedra to the right side). The
histogram of the proton nuclear densities at 300 K, projected on
the (a, b)-plane, is superimposed.

do not observe any H(2) proton transfer events anymore ([B]
in Figure 11). This suggests that the O—H(1) rotation in
partially hydrated phases is not significantly impacted by the
presence of nearby oxygen vacancies in the O(3) plane, and as
such its activation energy should be similar to that of the fully
hydrated material. The absence of the H(2) proton transfer
motion in BIOS0, however, suggests that this motion is
hindered by the presence of oxygen vacancies in the vicinity of
H(2) in partially hydrated phases. This may be due to the loss
of the structural equivalence between the two H(2) sites
connected by the H(2) transfer process. Indeed, H(2) sits
preferentially on the side of the InOg4 octahedra and away from
the InO, tetrahedra.

Figure 12 shows A(u?);,(T) for BIO30, as measured on
IN16B. At variance with BIO92, A(u*),,,(T) increases linearly
all the way up to T = 500 K. This suggests that the loss of
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Figure 12. A(u?),, for BIO30, as measured on IN16B. The linear
increase with temperature suggests the gradual activation of only
vibrational dynamics (see text).

elastic intensity is solely due to the Debye—Waller factor,
which is consistent with the absence of significant QENS
broadening at any measured temperature. This signals the
absence of diffusion processes observed in the time window of
IN16B, or that such a dynamics are too weak to be observed
here.

4. DISCUSSION

By bringing together the results from the QENS experiments
and AIMD simulations, we can now understand several new
features pertaining to the mechanism of proton diffusion in
barium indate oxide proton conductors. A key result is the
unraveling of a third proton site, H(3), that acts as a saddle
state for the interexchange of H(1) and H(2) protons, enabling
long-range proton diffusion in the fully hydrated material.

As a preliminary remark, we point out that two distinct
temperature regimes have been observed by QENS in cubic
perovskite proton conductors,”” with a transition temperature
usually close to the onset of dehydration, T ~ 550 K. The
activation energies for long-range proton diffusion are higher in
the high-temperature regime, where proton diffusion is
discussed as solely thermally activated, than those in the low-
temperature regime, where proton diffusion is discussed as
phonon-mediated.

While the activation energies for O—H(1) rotations and
H(2) proton transfers are comparable to those reported for
localized proton diffusion in cubic-structured, proton-conduct-
: L1 46,50,52,74 o
ing oxides, the activation energy for long-range
diffusion of 200(50) meV in BIO92 is 2—S times larger than
that reported by QENS in the phonon-mediated regime in
related cubic perovskites, with for instance ~40 meV in
BaZry4In,;05H,; and BaZry,Y,,0;H;; or ~110 meV in
BaZryglng,03Hy,.""”* Note that in the thermally activated
diffusion regime at a higher temperature, activation energies for
long-range diffusion measured by QENS in perovskite-related
proton conductors are generally higher, in the range of 0.25—
0.6 eV."* 7

As the temperatures considered here fall in the phonon-
mediated diffusion regime, a tentative explanation for the
higher energy barrier in BIO92 than in cubic perovskite proton
conductors could be a less favorable proton—phonon
interaction to promote long-range diffusion. Indeed, the two
main localized motions, the O—H(1) rotation and the H(2)
proton transfer, are both within the (a, b)-plane. Conversely,
the localized motions that are required to populate H(3) and
enable long-range diffusion have a large component in the c-
direction. Regarding the role of the phonon modes in

promoting diffusion processes, it is mainly the contribution
from the Iow-ener%y modes with large atomic displacements
that is significant.” The large majority of the low-energy
phonon modes in the brownmillerite phase have motions
within the (a, b)-plane.”’ Indeed, the first phonon mode
polarized along ¢ has a frequency of /@ = 22 meV (180 cm™),
while there are 14 phonon modes polarized in the (a,b)-plane
with lower energy, with the lowest optic phonon mode at 7.6
meV (61 cm™)."" We can thus surmise that the proton—
phonon interaction is mainly favorable to motions and
elementary diffusion processes in the (a, b)-plane and, thus,
that the counterpart motions that populate H(3) and enable
proton interexchange and long-range proton diffusion are, in
comparison, less promoted by phonon modes.

A similar trend, although less pronounced, is observed in the
activation energies determined by impedance spectroscopy for
proton conductivity in the bulk of the grains. Indeed, a value of
~0.6 eV is obtained for an epitaxial thin film of barium indate
under a wet atmosphere,®’ while smaller values are obtained
for proton-conducting perovskites, with for instance 0.46—0.47
eV in Y-doped BaZrO;.””** Note that the conductivity values
and thus the activation energies determined by QENS and
impedance spectroscopy are not directly comparable. Indeed,
conductivity values are generally significantly different, and the
activation energies obtained from impedance spectroscopy are
generally 2—10 times larger than the ones determined by
QENS. This is because of fundamental differences, as QENS
only accounts for proton self-diffusion over length scales that
correspond to distances of a few unit cells, while IS has a
macroscopic view of the material and contains contributions
beyond proton self-diffusion.

Besides the difference in activation energy for long-range
proton diffusion, we also note a clear difference in regard to the
value of the macroscopic proton conductivity between
hydrated barium indate and proton-conducting perovskites.
Specifically, we note that the proton conductivities obtained
from impedance spectroscopy measurements of
Ba,In,04(H,0), are 1-3 orders of magnitude lower than
those in the best proton-conducting perovskites, such as Y-
doped BaZrO,.*'~*° However, for the proton diffusion
coeflicients as determined by QENS, the values for different
relevant proton conductors are similar. For instance, the
related material BaZr; ,In O; ., exhibits proton diffusion
coefficients of 1—3 A%/ns,”! which are within the same range as
observed here for BIO92 (0.45—2.4 A?/ns). This indicates that
at the nanometer length scale, there are no fundamental
differences between the proton mobility in hydrated barium
indate and proton-conducting perovskites.

The large difference in proton conductivities measured by
impedance spectroscopy between Ba,In,0;(H,0), and
proton-conducting perovskites, if not originating from the
difference in activation energy and/or proton diffusion
coeflicient, may then originate from a difference in the number
of charge carriers, even though the concentrations of protons
are similar in the respective systems. This would represent the
case when a significant portion of the protons are unable to
diffuse to the H(3) site within the probed timescale. This
could happen if (i) the dynamics of the H(2) protons are
hindered by the presence of nearby oxygen vacancies or (ii)
there is a limited availability of empty proton sites to which the
protons can jump. In a simplified description of BIO100, we
note that there are two H(1) proton sites per H(1) proton and
one H(2) proton site per H(2) proton. Hence, the fractional
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occupation of the proton sites, i.e,, the total number of protons
over the combined H(1) and H(2) sites, is 2/3 ~ 0.67. This
may be compared to the cubic-structured BaZr,sM,,03H,.,,
for which the fractional occupation of the proton sites is only
0.20/3 =~ 0.067.

While the high fractional occupation for BIO100 may not
hinder the O—H(1) rotation or the H(2) proton transfer, they
may however severely limit the processes that populate H(3).
Indeed, the H(3) site may not be available to receive a proton
following a diffusion event from the H(1) or H(2) site, which
we can qualitatively evaluate based on a simplified model of the
structure. For instance, it is unlikely for the H(3) site to be
occupied following a proton transfer from H(1) if the O(3)
oxygen is already covalently bonded to H(2), which is a 50%
probability (half of the O(3) are covalently bonded to H(2),
the other half are acceptor of the hydrogen bond of H(2)).
Similarly, a proton transfer from H(1) to O(3) is unlikely if
one next-neighbor H(1) is oriented toward H(3), which is a
0.5 X 0.25 = 12.5% probability, thus resulting in a 0.5 X 0.875
~ 44% probability of finding the H(3) site available. The same
calculation, for the rotation from H(2), considering that both
next-neighbor H(1) sites cannot be simultaneously occupied
nor does any next-neighbor H(1) proton oriented toward
H(3), give an H(3) site availability of 62.5%. Despite its
simplicity, such qualitative evaluation shows how a large
fractional occupation of the proton sites may be detrimental
for high proton conductivity.

Beyond the H(3) site availability, it is the sequential nature
of the long-range proton diffusion mechanism that is
problematic in Ba,In,05(H,0),. Indeed, a proton occupying
the H(3) site can only diffuse further if the next site is
available, which is a lower probability than finding an available
site where the proton originated. The lack of availability of
empty sites and the lower probability for consecutive diffusion
events than for “back-diffusion” are known problems that were
for instance identified in the SrtVO,H hydride-ion conductor,
where the hydride ion has a higher probability to diffuse back
to its previously occupied site than forward, due to a lack of
oxygen vacancies.

The straightforward solution to reduce the fractional
occupation of the proton sites would be to reduce the number
of protons in the structure. Unfortunately, this cannot be
achieved by dehydrating the material. Indeed, beyond the
discussion on partially hydrated phases, we have shown that
regardless of the hydration level, protons are mainly found in
proton-rich oxygen-vacancy-free regions that preserve the fully
hydrated stoichiometry.”> A strategy to preserve an oxygen-
vacancy-free structure while reducing the number of protons
could be to partially substitute indium atoms with tetravalent
or pentavalent cations. For instance, dehydrated vanadium-
substituted barium indate still displays the brownmillerite
structure at moderate substitution content (<20%) and shows
under a moist Ar atmosphere about an order of magnitude
increase in total conductivity compared to pristine barium
indate.®*> Similarly, moderate substitution by titanium
(£20%)*” and additional elements,*® or high substitution by
vanadium (<40%),% has been shown to stabilize the high-
temperature tetragonal structure of barium indate and improve
protonic conductivities.

5. CONCLUSIONS

To conclude, we have performed a combined QENS and
AIMD study of the proton dynamics in the partially and fully

hydrated barium indate proton conductors Ba,In,Os(H,0), (x
= 0.30 and 0.92). Structurally, these materials are featured by
an intergrowth of cubic and “pseudo-cubic” layers of InOg
octahedra, wherein two distinct proton sites, H(1) and H(2),
are present. The results show that the main localized dynamics
of protons can be described as rotational diffusion of O—H(1)
species and H(2) proton transfers between neighboring oxygen
atoms, both with mean residence periods on the order of
picoseconds, in both materials. For the fully hydrated material,
Ba,In,04(H,0)y4,, we also reveal the presence of a third
proton site, H(3), which becomes occupied upon increasing
the temperature, serves as a saddle state for the interexchange
between H(1) and H(2) protons, and leads to long-range
proton diffusion on the nanosecond timescale. In comparison,
the partially hydrated material Ba,In,0O4(H,0),;, does not
show the occupation of the H(3) proton site, as a result of
hindered dynamics of H(2) protons due to the vicinity of
oxygen vacancies, and, hence, shows no long-range proton
diffusion. The lower macroscopic proton conductivity in
hydrated barium indate oxides than that in related materials,
such as In-doped BaZrOj;-based proton conductors, despite
showing comparable activation energies, is rationalized by the
lack of availability of proton sites. This issue may be alleviated
by the chemical substitution of indium by cations with higher
oxidation states, to reduce the number of protons while
preserving an oxygen-vacancy-free structure.
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